Perturbations in the rate of fuel flow from the injector into the combustor can directly affect unsteady motions in the combustor. Therefore, understanding the dynamic characteristics of the injector is important in the effort to control these phenomena. An experimental study on the dynamic response of a pressure-swirl injector under low frequency pressure oscillation conditions was carried out using a pulse valve and the three-microphone technique. Liquid kerosene was used as the fuel and the fuel feed line was designed for fuel flow modulations up to 200 Hz. Acoustic pressure and specific acoustic impedance were obtained within the fuel feed line. The magnitude of the specific acoustic impedance with respect to frequencies was varied by the static pressure in the fuel tubing. A normalized fuel transfer function between mass flow rate and acoustic pressure fluctuations was obtained in the frequency range between 10 and 200 Hz. Its gain shows a tendency to increase with frequency. The phase of the normalized fuel flow rate fluctuation at the injector exit was also measured. The phase tends to decrease with increase in frequency, and it approaches 180 degrees out of phase with the pressure fluctuations at 200 Hz within the fuel feed line.
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INTRODUCTION
Combustion instability has recently received attention because of its deleterious effect on propulsion system performance and the resulting detrimental environmental impact. Generally, combustion instability is driven and sustained by the feedback loop between pressure and heat release oscillations in a combustor. The conditions under which unsteady heat addition processes amplify acoustic oscillations are first determined by Lord Rayleigh [1] . This phenomenon results in incomplete combustion, which decreases combustion efficiency and leads to performance reduction due to thrust perturbations. Eventually, it can even induce destruction of the combustor and the whole system. Previous studies of premixed flames have suggested that the flame acts like a low-pass filter responding mainly to low-frequency acoustic fluctuations [2, 3] . Liquid-fuelled aero-engines in particular are often subjected to a self-excited combustion instability referred to as "rumble," with typical frequencies between 50 and 150 Hz, mainly at idle and sub-idle conditions [4] . This low-frequency instability is usually longitudinal; it is a very complex phenomenon caused by coupling of basic interactions. As a result, numerous studies have been carried out to identify the driving mechanisms, such as local heat release oscillation, equivalence ratio fluctuation, and vortex shedding [5] .
Lieuwen et al. [6] have suggested that equivalence ratio oscillations are able to drive substantial heat release oscillations under lean operating conditions. In addition, Orawannukul et al. [7] have proved that fuel flow modulation affects flame response in a lean premixed dump combustor. These studies show that fuel flow variation drives equivalence ratio fluctuations, which can both amplify and damp combustion instability. Fuel flow modulation has been successful when it was applied in active control systems to extract energy from unstable combustion [8] . In order to identify the complete mechanism of the effect of fuel flow modulation on the flame dynamics, however, two things should be clearly identified; the feed system dynamics, including injectors, and the convective time lag of the equivalence ratio oscillation between the injector and the combustion zone. There have been many studies on the time lag of equivalence ratio fluctuations. Specifically, Eckstein et al. [4] and Torres et al. [9] confirmed that the time lag between fuel injection and combustion exercises a decisive influence on the flame response.
Along with the time lag of the fuel flow modulation, the dynamics of the feed line and the injector are also a major cause of combustion instability driven by equivalence ratio fluctuations. An injector produces spray and supplies fuel into a combustor. The stability of the combustion processes is clearly related to the dynamic response of the injector because the spray characteristics of the injector directly affect the combustion processes. In particular, pressure-swirl injectors have been widely used in Russian liquid rocket engines and in gas turbine engines. Research on injector dynamics was published by Bazarov [10] in 1979; since then, there have been a few studies on the feed system and injector dynamics. Choi et al. [11] showed that the characteristics of fuel flow modulation by a pulse valve are changed by the length of the feed line. This means that acoustic properties within the feed line are dependent on its length. Richards et al. [12] used a variable impedance fuel system for modulating the phase and magnitude of the combustion response. Recently, a hydro-mechanical pulsator with a rotational valve is designed to generate pressure fluctuations in a flow line for the characterization of injector responses [13] . Ahn et al. [14] studied the injector dynamics using another hydro-mechanical pulsator and captured images of the air core. Konrad et al. [15] eliminated instability in both single-sector and full engine experiments by modifying the fuel atomizer design, particularly the fuel duct geometry and the swirl of the generated flow field. Even though there have been many studies on the fuel feed line and injectors, however, systematic research on the feed system dynamics, including practical pressure-swirl injectors has not been sufficient, and therefore, the detailed dynamics are mostly still unknown. In particular, this study directly measures the phase of the normalized fuel transfer function using the spray angle measurement and analyzes the acoustic characteristics upstream of the injector with the normalized fuel transfer function under low-frequency pressure fluctuation conditions.
In this paper, dynamic responses of a screw-type pressure-swirl injector are experimentally studied to characterize fuel transfer functions of the injector in lowfrequency pressure fluctuation conditions. To begin with, the three-microphone method using the least-squares algorithm is applied to determine the acoustic properties within the fuel tubing from three dynamic pressure transducers located equidistantly. Acoustic characteristics within the fuel feed line are analyzed using the continuous parameter method, based on the one-dimensional wave equation. Then, the instantaneous mass flow rate fluctuations across the injector are estimated using a linear approximation method. Finally, a normalized fuel transfer function is derived and the dynamic response of the injector is examined under fuel flow modulation frequencies between 10 and 200 Hz.
EXPERIMENTAL PROGRAM 2.1. Experiment setup
The pressure-swirl injector used here does not have tangential passages but instead has a screw type swirler in the injector chamber [16] . The screw type pressure-swirl injector has the advantage of being smaller in size than the tangential type pressure-swirl injector. The nozzle diameter of the injector is 1.3 mm and its similar drawing is shown in Fig. 1 [17] . Figure 1 shows a schematic of the experimental apparatus; x is the coordinate along the fuel feed line axis. x 0 is located 0.4 m upstream of the pulse valve. x 4 and x 5 are the inlet and outlet of the injector, respectively. The origin (x = 0) is designated as the injector entrance, x 4 . The distance between x 1 and x 2 is 0.16 m, and x 1 is located 0.37 m upstream of the origin. Static pressures within the fuel feed line are measured at x 0 and x 3 using pressure transducers (G831 series, DYNISCO) with the accuracy of 0.25%. Pressure fluctuations are also measured at x 1 , x 2 , and x 3 . They are located equidistantly in the fuel feed line. This is because the smallest error is obtained in the multiple microphone technique [18] . The inner diameter of the feed line is 4.8 mm.
Liquid kerosene is supplied from a fuel storage tank pressurized with dried air and its average temperature is 17 °C. A manual regulator (54-2066T28, TESCOM) installed downstream of the fuel tank is used to reduce the fuel pressure. The static pressure range of P0 at unforced conditions is from 0.8 to 1.3 MPa. Fuel flow modulations are achieved using a pulse valve (Series 9, Parker). It can be operated up to 250 Hz with an IOTA ONE valve controller. The mean fuel flow rate is measured using a turbine flow meter and its calibration accuracy is within 0.05%. The mean flow rate is controlled by a metering valve (SS-4L, Swagelok). To measure the pressure fluctuations at x 1 , x 2 , and x 3 , three quartz pressure sensors (603B, KISTLER), capable of working up to 400 kHz, are used with a charge amplifier (5037B, KISTLER).
The pressure data is sampled for 5 seconds with a sampling frequency of 10 kHz, using a data acquisition system (Cronos PL, IMC), and consequently its frequency resolution in FFT analysis is 0.2 Hz.
The shadowgraph technique is used for spray visualization to measure the spray angle, which indicates the fuel flow rate oscillation at the injector exit because the 
Three-microphone technique
The classical two-microphone method determines the acoustic velocity at the center of two microphones, and measures acoustic properties in a duct. The three-microphone technique measures acoustic pressures at three measurement points and uses the leastsquares method. Chu [19] reported that the least-squares method gives more accurate results than the two-microphone method if the measurement is performed at multiple points. In the present paper, it is limited to low-frequency sound propagation in a sufficiently long and straight cylindrical duct with rigid wall. Thus, the traveling acoustic wave is approximated as a one-dimensional plane wave. It is also considered to be an unattenuated and non-dispersive condition [20] . The one-dimensional acoustic wave equation within this fuel tubing can be expressed in the frequency domain as follows; (1) (2) where the subscript, ± , denotes propagation in the positive/negative x direction and κ is given by [21] 
where k = 2πf/c is the wave number, and δ is the term representing the attenuation and is ignored because of the assumptions. Based on Eq. (1) and by assembling three P(x, f ) measured at x 1 , x 2 , and x 3 , the overdetermined linear matrix equation, Ay = B, can be obtained as, Eq. (5) is a linear least-squares problem, and its solution can be obtained using the pinv function in MATLAB. That is, (6) where is the Moore-Penrose pseudo-inverse. The specific acoustic impedance, Z(x, f), is defined as,
The specific acoustic impedance at any position x = along the fuel tubing can be also derived as, (8) where is the reflection coefficient at x = .
Therefore, the specific acoustic impedance at all points along the fuel tubing is determined from P + (f ) and P -(f ).
Pressure fluctuations measured at x 1 , x 2 , and x 3 are compared in the frequency domain by FFT analysis with values predicted by the two-and three-microphone 
methods. As a result, the amplitude and phase errors are represented in Tables 1 and 2 , respectively. The pressure amplitude error in Table 1 is a percentage value of the absolute difference between the measured and the estimated amplitudes at each location. The pressure phase error in Table 2 is the absolute difference between the measured and the estimated phase at each position. In these tests, the average pressure at x 3 is 0.2 MPa. The accuracy of the three-microphone technique is higher at all locations. The error from the three-microphone technique is within 1 % in pressure amplitude and 0.5 degrees in phase. The one-dimensional wave equation determined by the three-microphone technique is more accurate than the one-dimensional wave equation from the two-microphone technique, as shown in Tables 1 and 2 . So the threemicrophone technique is implemented to analyze the acoustic characteristics of the fuel feed line. 
Fuel transfer function
The rate of mass flow sprayed through a pressure-swirl injector can be represented by two parameters: (1) the physical property of the liquid and (2) the geometry of the swirl injector [22] . In a given type of swirl injector with a known liquid fuel, the mass flow rate is related mainly to the pressure drop across the injector nozzle. It is practically impossible, however, to measure the pressure at the injector nozzle in a real engine, due to the limited space and the severe external conditions. In spite of these challenges, Yi and Santavicca [23, 24] have developed a method for measuring the instantaneous mass flow rate in a real engine environment. In the present paper, this method is utilized, and the pressure-swirl injector is assumed to be purely resistive under low frequency ranges because the dynamic fuel pressure associated with flow acceleration along the streamline can be neglected and the effect of the nonlinear acoustics and viscous shear stress is small [24] . In addition, the variation of the air core diameter by the periodic pressure oscillation across the injector is small under low frequency conditions [14] . Therefore, the instantaneous fuel flow rate can be derived from Euler's equation and the continuity equation. For the steady, inviscid and incompressible flow, the instantaneous mass flow rate out of the injector can be expressed as, (10) By linearizing Eq. (10) and ignoring the second order term, one gets [24] , (11) where denotes the mean pressure drop across the injector. The dynamic response of the injector is investigated using a transfer function. The transfer function is derived by combining the above linearized equations. In addition, each parameter is converted from the time domain to the frequency domain by FFT analysis. The relationship of pressure perturbations between x 3 and x 4 using Eq. (1) can be derived as, (12) Then, the normalized fuel transfer function of the injector, assuming , is derived as, 
In Eq. (13), the normalized fuel transfer function is expressed as the pressure fluctuation term in the fuel feed line. Because the internal flow of the injector is very complex under the test conditions and it causes phase delay of the fuel flow rate across the injector [10] , it is difficult to predict the whole phase of the fuel flow rate fluctuation across the injector using Eq. (13), which does not consider the detailed characteristics of the internal flow. To find the phase, this study utilizes the spray angle captured at 1.0D downstream of the injector tip, which is short enough distance, by the shadowgraph technique mentioned in section 2.1. Both the fuel flow rate and the spray angle are directly influenced by the pressure drop across the injector. They are also positively proportional to the injection pressure [25, 26] . In other words, when the fuel flow rate increases, the spray angle increases simultaneously. Then, the phase delay between the fuel flow rate and the spray angle may be negligibly small because there is no reactive element between the injector exit and 1.0D downstream of the injector. Figure 2 shows pressure oscillations at 200 Hz with a constant static pressure at x 3 , 0.3 MPa, and spray angle signals. Their frequency is the same, as shown in Fig. 2(b) . That is, the dominant frequency of the spray angle determined by FFT analysis is equal to that of the pressure fluctuation within the fuel tubing. Therefore, this method can be used to measure the phase of the fuel flow rate fluctuation out of the injector. Figure 3 shows the pressure oscillation signal generated at the forcing frequency of 100 Hz using the pulse valve, and its amplitude-frequency diagram by FFT analysis at x 3 . As can be seen in Fig. 3 , the experimental setup in this study can generate lowfrequency pressure oscillation signals satisfactorily. Figure 4 shows the peak amplitude of the pressure fluctuation generated by the pulse valve for all tested frequencies. One valley appears around 100~130 Hz for all static pressure conditions at x 3 . The amplitude of the pressure fluctuation at x 3 decreases as forcing frequency increases except for the frequency range which one valley appears. This trend is because only a small volume of fuel is able to enter the orifice of the pulse valve through a fast moving poppet at high frequency. In addition, one valley appears presumably due to the dynamics of the moving poppet opening and closing the orifice inside the pulse valve. It is shown that the average fuel flow rate decreases around the frequency range which one valley appears [11] . It can also be seen in Fig. 4 that the amplification of pressure magnitude due to resonance does not occur in the test frequency range up to 200 Hz. Figure 5 shows the variation of normalized amplitude and phase created within the fuel tubing for different static pressures when the forcing frequencies are fixed. In 
RESULTS AND DISCUSSION

Pressure fluctuation with the fuel feed line
Figure 3:
Pressure signal generated at forcing frequency of 100 Hz using pulse valve in fuel tubing: (a) Pressure pulsation signal in time domain and (b) Amplitude spectrum. their values are estimated by the three-microphone technique. The amplitude of pressure fluctuation by FFT analysis is normalized by the static pressure measured at x 3 . It is shown in Fig. 5(a) that the normalized amplitude tends to decrease as the static pressure at the same frequency increases. In Fig. 5(b) , the phase increases linearly as the distance from the injector inlet increases. This indicates that the positive traveling wave is dominant along the fuel feed line. It can be seen that P + (f ) is larger than P -(f ) from equation (1).
Specific acoustic impedance
Magnitudes of the specific acoustic impedance at x 3 and the injector inlet are obtained from Eq. (7) for the frequency range between 10 and 200 Hz. Their magnitudes are almost identical, and in particular the magnitude difference between x 3 and the injector inlet tends to increase gradually with increase in frequency (not shown here). Figure 6 (a) shows the effect of forcing pressure operating the pulse valve on the specific acoustic impedance at x 3 . The static pressures, P0, between the manual regulator and the pulse valve are 0.75 and 0.86 MPa, respectively, with a constant static pressure at x 3 of 0.4 MPa. When the static pressure at x 0 increases, the frequency range of the valley is shifted higher, even though the pattern of the two cases hardly changes. Fig. 6(a) , as the static pressure at x 3 increases, the frequency range of the valley is shifted lower. That is, the frequency range of the valley is shifted toward a higher frequency as the pressure difference between x 0 and x 3 increases. Therefore, the frequency characteristics of the specific acoustic impedance can be changed by controlling the static pressure within the feed line. Figure 7 shows the magnitude of the specific acoustic impedance at the injector inlet. The frequency ranges from 10 to 200 Hz with 10 Hz intervals, and the static pressure at x 3 varies from 0.3 to 0.7 MPa with 0.1 MPa increments. The magnitude of the specific acoustic impedance decreases with increase in frequency below around 100~130 Hz, and after this frequency range the magnitude starts to increase with frequency and hardly changes in higher frequency range. The frequency range that the magnitude characteristics of the specific acoustic impedance changes is almost identical to the frequency range in which one valley appears as shown in Fig. 4. 
Normalized fuel transfer function
The fuel flow modulation ratio out of the pressure-swirl injector can be estimated from Eq. (11), and is similar to the result of a swirl injector modeled by Bazarov under International journal of spray and combustion dynamics · Volume . 5 · Number . 4 . 2013 303 Magnitude of specific acoustic impedance with respect to frequencies at injector inlet.
low-frequency ranges [10] . The acoustic pressure at x 4 will be obtained from the onedimensional wave equation, and the mean pressure drop across the injector will be measured from a pressure transducer at x 3 . Figure 8 shows the fuel flow modulation ratio obtained from Eq. (11) . With the forcing frequency constant, the magnitude of the fuel flow modulation ratio tends to decrease as the static pressure at x 3 increases. One valley appears around 100~130 Hz. From the trend, one finds that the fuel flow modulation ratio is strongly affected by the magnitude of the pressure fluctuation.
Injector dynamics can be expressed by the transfer function method. Figure 9 shows the gain of the normalized fuel transfer function based on Eq. (13). Eqs. (12) and (13) show that the normalized fuel transfer function can be determined from the predicted P + (f ) and P -(f ). It means that the gain of the normalized fuel transfer function increases with frequency, whereas the phase decreases. This tendency appears clearly in Fig. 9 except for the frequency range around 100~130 Hz. In addition Fig. 4 and Fig. 9 show opposite tendencies. That is to say, the decreasing range of the amplitude of the pressure fluctuation corresponds to the increasing range of the gain of the normalized fuel transfer function. This shows that the gain of the normalized fuel transfer function is affected strongly by the feed line dynamics. Other studies on injector dynamics used different pulsators and injectors so acoustic properties upstream of the injector are different and it is difficult to directly compare the gain and phase of the normalized fuel 304 Study on dynamic responses of a screw-type pressure-swirl injector under low frequency pressure oscillation Fuel flow modulation ratio with respect to frequency for various static pressures.
transfer function. On the other hand, it is clear from a variety of experimental results under low-frequency conditions that the gain of the normalized fuel transfer function increases with frequency [10, 25] . Figure 10 shows the relative phase of spray angle measured 1.0D downstream of the injector exit and its reference is the phase of pressure fluctuation at x 3 . This represents the phase difference between input and output signals, and consequently the inherent time lag by the injector dynamics. In Fig. 10 , the phase has a tendency to decrease with increasing frequency. The phase characteristics of the normalized fuel transfer function have also been observed in previous research [10, 25] . With the forcing frequency constant, the phase difference tends to decrease with increasing static pressure at x 3 . In addition, all values of the phase are negative, which means that there is phase delay. It is very important to know the phase, which is the inherent time lag of the injector, because the effect of the fuel flow modulation on combustion instability can be identified by the phase of the fuel flow rate fluctuation at the injector tip, along with the convection time of the mixture from the injector to the flame. The present study has found that the phase of the normalized fuel transfer function approaches 180 degrees out of phase with the pressure fluctuations at x 3 as the frequency increases under the low-frequency ranges. Therefore, information on the normalized fuel transfer function of the injector, along with the convection time, will provide the basis for the development of active control systems using liquid fuel.
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CONCLUSIONS
This paper presents a study of screw type pressure-swirl injector dynamics under lowfrequency pressure fluctuation conditions. The gain of the normalized fuel transfer function is obtained. A method of measuring phase is suggested and discussed. Acoustic properties are calculated by the three-microphone technique within the fuel tubing. It is confirmed that this method is more accurate than the classical twomicrophone technique. Under the test conditions, it is found that a positive traveling wave is dominant along the fuel tubing, and the magnitude of the specific acoustic impedance with respect to frequencies is varied by the static pressure in the feed line. Consequently, it can be deduced that the fuel flow rate entering into the injector will be varied, too.
The experimental results of the gain and phase characteristics of the normalized fuel transfer function with respect to the forcing frequency agree well with theoretical trends predicted from Eq. (13) . That is, the gain of the normalized fuel transfer function increases with frequency, whereas the phase decreases. The gain decreases with increasing frequency, however, at around 100~130 Hz in the experimental results. This means that acoustic characteristics of the fuel feed line may control the amplitude-frequency characteristics of the specific acoustic impedance, the fuel flow modulation ratio, and the gain of the normalized fuel transfer function. It is also found that that the phase of the normalized fuel transfer function approaches 180 degrees out of phase with the pressure 306 Study on dynamic responses of a screw-type pressure-swirl injector under low frequency pressure oscillation fluctuations at 200 Hz within the fuel feed line. This phase delay can be an important factor for the development of active control systems. Studies to find the dynamic response of the injector in the actual engine environment will be conducted on scaled operating conditions considering the compressibility and ambient density effect in the future.
